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ABS TRACT 

A computer program is be ing  developed f o r  a p p l i c a t i o n  t o  r a p i d  

r o u t i n e  q u a l i t a t i v e  and q u a n t i t a t i v e  a n a l y s i s  of complex gamma-ray 

s p e c t r a  r e s u l t i n g  from thermal  neut ron  a c t i v a t i o n  o f  samples  of  

material  having  unknown composi t ion,  b u t  a l i m i t e d  number of p o s s i b l e  

c o n s t f t u e n t s  (20 o r  30 i s o t o p e s ) .  Component i d e n t i f i c a t i o n  i s  based 

on peak energy o n l y ,  and s t r i p p i n g  is  accomplished u s i n g  an  i s o t o p i c  

s p e c t r a l  l i b r a r y  on magnet ic  tape .  

Var ious  s e c t i o n s  of t h e  program have been l a r g e l y  completed,  and 

r e s u l t s  o b t a i n e d  i n  i n i t i a l  t e s t s  i n d i c a t e  s a t i s f a c t o r y  performance.  

V 



INTRODUCTION 

When a sample o f  ma te r i a l  is p laced  i n  a the rma l  n e u t r o n  f l u x ,  

most o f  t he  i s o t o p e s  p r e s e n t  w i l l  undergo n u c l e a r  r e a c t i o n s  producing 

new s p e c i e s .  Most commonly t h e  r e a c t i o n  i s  of t h e  r a d i a t i v e  c a p t u r e  

( n , y )  t y p e ,  and i n  many cases t h e  p roduc t  n u c l i d e s  a r e  r a d i o a c t i v e .  

These r a d i o n u c l i d e s  w i l l  u s u a l l y  decay by b e t a  emis s ion  w i t h  accompany- 

i n g  p roduc t ion  of d e - e x c i t a t i o n  gammas. 

e m i t  gammas a t  c h a r a c t e r i s t i c  e n e r g i e s  and w i t h  c h a r a c t e r i s t i c  h a l f -  

l i f e ,  i t  is  p o s s i b l e ,  by s t u d v i n q  t h e  gamma-ray spectrum of t h e  mate- 

r i a l  a f t e r  n e u t r o n  i r r a d i a t i o n ,  t o  de t e rmine  t h e  i d e n t i t y  and amount 

o f  each  r a d i o n u c l i d e  produced durin,q t h e  i r r a d i a t i o n .  S i n c e  each 

r a d i o n u c l i d e  i s  formed from a p a r t i c u l a r  n a t u r a l  i s o t o p e  of  an element ,  

i t  s h o u l d  also b e  p o s s i b l e  on the  b a s i s  of known i n f o r m a t i o n  t o  ascer- 

t a i n  t h e  e l e m e n t a l  composi t ion of t h e  o r i g i n a l  sample.  

S i n c e  each r a d i o n u c l i d e  w i l l  

This  t echn ique ,  thermal  neu t ron  a c t i v a t i o n  a n a l y s i s ,  i s  p r a c t i c a l ,  

and due t o  t h e  extreme s e n s i t i v i t y  w i t h  wh ich  r a d i o n u c l i d e s  can be 

measured, is one of t h e  most powerful and s e n s i t i v e  of a l l  methods of 

e l e m e n t a l  a n a l y s i s .  About 70 elements  can be  d e t e c t e d  by t h i s  means i n  

amounts as s m a l l  as 10  t o  grams, depending on t h e  n u c l e a r  pro- 

p e r t i e s  of t h e  p a r t i c u l a r  element of i n t e r e s t .  I n  many cases t h i s  

s e n s i t i v i t y  f a r  s u r p a s s e s  t h a t  a t t a i n a b l e  by any o t h e r  means of a n a l y s i s .  

-6 

U n f o r t u n a t e l y ,  t h i s  method of  a n a l y s i s  is  n o t  w i t h o u t  some 

d i s a d v a n t a g e s .  Perhaps t h e  most t roublesome from a programming view- 

p o i n t ,  is the ex t r eme ly  complex n a t u r e  of t h e  d a t a  o b t a i n e d  from t h e  

1 
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gamma s c i n t i l l a t i o n  spec t romete r .  I d e a l l y ,  a s p e c t r o m e t e r  should 

p r e s e n t  a monochromatic s o u r c e  of photons as  a s i n g l e  l i n e  a t  t h e  

energy i n  q u e s t i o n  (F ig .  l a ) ,  a r e s u l t  which is c l o s e l y  approximated,  

f o r  example, i n  o p t i c a l  spec t romet ry .  However, due t o  t h e  d i f f e r e n t  

modes by which a gamma photon may i n t e r a c t  w i t h  mat te r  and, i n  p a r t i -  

c u l a r  t h e  s c i n t i l l a t i o n  c r y s t a l  ( p h o t o e l e c t r i c  a b s o r p t i o n ,  Compton 

s c a t t e r i n g ,  p a i r  p r o d u c t i o n ,  e t c . ) ,  t h e  spectrum r e p r e s e n t i n g  a mono- 

e n e r g e t i c  gamma s o u r c e  o f  ene rgy ,  E h a s  an  appearance such as shown i n  

F ig .  l b ,  a l t hough  t h e  shape w i l l  vary c o n s i d e r a b l y  f o r  d i f f e r e n t  v a l u e s  

o f  E ( t h e  d e t a i l e d  theo ry  of gama-ray  spectrum fo rma t ion  may be  found 

in the  l i t e r a t u r e ) .  10 ,11  

S i n c e  each r a d i o n u c l i d e  may e m i t  gammas a t  several  d i f f e r e n t  

e n e r g i e s ,  a composite spectrum due t o  s e v e r a l  s p e c i e s  may be  q u i t e  

complex. However, because  of t h e  g r e a t  power and u s e f u l n e s s  o f  n e u t r o n  

a c t i v a t i o n  a n a l y s i s ,  a g r e a t  d e a l  of e f f o r t  has  been brought  to  b e a r  on 

t h e  problem of  p r o c e s s i n g  such  s p e c t r a  t o  o b t a i n  t h e  i d e n t i t i e s  and 

amounts of t h e  e l emen t s  i n  t h e  s a m p l e  b e i n g  ana lyzed  w i t h  t h e  g r e a t e s t  

p o s s i b l e  accu racy  and r e l i a b i l i t y .  

The Problem 

The s c i n t i l l a t i o n  spec t romete r  r e c o r d s  t h e  number o f  p u l s e s  i n  

each of a l a r g e  number o f  channe l s  which s o r t  the p u l s e s  a c c o r d i n q  t o  

s i z e  (gamma ene rgy)  i n t o  M channe l s  where t h e  ith channel  co r re sponds  

t o  t h e  energy r ange  E t o  Ei + AE = Ei+l. Usua l ly  El = 0 ,  and t h e r e -  

f o r e  hl e q u a l s  t h e  t o t a l  energy range covered by t h e  spectrum. The 

spec t rum is a d i s c r e t e  f u n c t i o n ,  F ( i ) ,  where F ( i )  i s  t h e  t o t a l  count  

i 

i n  t h e  ith channel .  
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E 

Camma Energv 
(a> 

Fiqure 1 

Comparison of the Responses of a "perfect" Camma Spectrometer and 
of a Real Scintillatfon Spectrometer to a Monoenergetic Source o f  
Energy E. 
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The spectrum i s  assumed t o  be a summation of  s i m p l e r  s p e c t r a ,  

each co r re spond ing  t o  a component r a d i o n u c l i d e  i n  t h e  s a m p l e .  The 

problem i s  t o  determine t h e  i d e n t i t i e s  and magnitudes o f  t h e  component 

s p e c t r a  p r e s e n t  i n  t h e  composite.  I n  g e n e r a l ,  t h e  q u a l i t a t i v e  a n a l y s i s  

is made by measuring t h e  peak e n e r g i e s  and observed h a l f - l i v e s  of t h e  

peaks.  Once t h e  i d e n t i t i e s  o f  t h e  c o n s t i t u e n t s  a re  known, s t a n d a r d  

s p e c t r a  of pu re  known amounts o f  the  co r re spond ing  i s o t o p e s  are o b t a i n e d  

and used t o  make t h e  q u a n t i t a t i v e  a n a l y s i s  by v a r i o u s  comparison methods. 

I f  f ( i )  i s  t h e  s t a n d a r d  spectrum of t h e  j t h  i s o t o p e ,  t hen  t h e  
j 

composi te  spectrum is  assumed t o  be a l i n e a r  combinat ion of t h e  N s t a n -  

da rd  s p e c t r a ,  L.E., 

N 
i = 1 , 2 ,  ..., M 

where t h e  a are t h e  we igh t ing  c o n s t a n t s  r e l a t i n g  t h e  magnitudes of t h e  

s t a n d a r d  s p e c t r a  t o  t h e  magnitudes o f  t h e  co r re spond ing  component 
j 

s p e c t r a  i n  t h e  composi te ,  and hence t o  t h e  q u a n t i t a t i v e  composi t ion of 

t h e  sample.  S i n c e  a l l  v a r i a b l e s  r e l a t e d  t o  t h e  N s t a n d a r d  s p e c t r a  

known, once t h e  c o n s t a n t s  a a r e  determined,  t h e  s p e c t r a l  a n a l y s i s  

e s s e n t i a l l y  complete 

j 

a re  

i s  

Methods of S o l u t i o n  

The manual methods of  p r o c e s s i n g  gamma r a y  s p e c t r a  do n o t  a t t a c k  

t h e  a n a l y t i c a l  problem d i r e c t l y  due t o  t h e  huge amount o f  c a l c u l a t i o n  

7 , l O  i n v o l v e d ,  b u t  i n s t e a d  u s u a l l y  employ v a r i o u s  g r a p h i c a l  t e c h n i q u e s  

where the  c o n s t a n t s  a are  determined by making some type  of area 
j 
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measurement under cor responding  peaks i n  t h e  composi te  and s t a n d a r d  

i s o t o p i c  s p e c t r a .  

Unfo r tuna te ly ,  i n  c a s e s  o f  p r a c t i c a l  i n t e r e s t  t h e s e  manual 

methods a r e  u s u a l l y  ex t remely  t ed ious  and t i m e  consuming. Fur thermore ,  

even f o r  s imple  c a s e s  t h e r e  may b e  c o n s i d e r a b l e  e r r o r  ( 2  t o  5%), and f o r  

more complex s p e c t r a  w i t h ,  f o r  example, 10 components t h e s e  methods mav 

break  down comple te ly  due t o  compl i ca t ions  such  as o v e r l a p p i n g  o r  compos- 

i t e  peaks ,  background, e t c .  

One obvious  s o l u t i o n  t o  t h e  problem is  t h e  development of computer 

programs which w i l l  perform a l l  o r  a t  l e a s t  p a r t  o f  t h e  a n a l y s i s ,  and 

indeed  t h i s  h a s  been one o f  t h e  primary areas of development i n  t h e  f i e l d  

o f  a c t i v a t i o n  a n a l y s i s .  

There are ,  o f  cour se ,  programs which u s e  about  t h e  same techniques  

as a r e  used f o r  manual a n a l y s e s  b u t  w i t h  some r e f i n e m e n t s  made p o s s i b l e  

by t h e  speed of  t h e  computer. More commonly, however, t h e  computer h a s  5 

been used t o  o b t a i n  a d i r e c t  s o l u t i o n  t o  t h e  p u r e l y  a n a l y t i c a l  program o f  

spec t rum unscrambling.  

No t i ce  t h a t  e q u a t i o n  1 i s  a s e t  of  M e q u a t i o n s  i n  t h e  N unknowns, 

and f u r t h e r  t h a t  M, t h e  number of  channe l s ,  is  i n  g e n e r a l  much 
aj , 
g r e a t e r  t han  N ,  t h e  number of component s p e c t r a  p r e s e n t  i n  t h e  composi te .  

T h i s  g i v e s  M - N deg rees  of freedom i n  t h e  s o l u t i o n  of t h e  problem. O f  

c o u r s e ,  i t  is  e a s y  t o  reduce t h e  number of e q u a t i o n s  t o  N mere ly  by add- 

i n g  some e q u a t i o n s  t o g e t h e r  and/or  l e a v i n g  some o u t ,  thereby  making 

p o s s i b l e  a unique  s o l u t i o n  by pu re ly  a l g e b r a i c  means. This  i s  t h e  b a s i s  

of t h e  method developed by A n t i l a .  Even though t h i s  approach may s e e m  
1 

u n d e s i r a b l e  because  of the i n h e r e n t  d e s t r u c t i o n  of in fo rma t ion ,  i t  does 

. o f f e r  c e r t a i n  advantages  i n  some cases ,  as w i l l  be  d i s c u s s e d  l a t e r .  



To o b t a i n  a s o l u t i o n  t o  t h e  f u l l  s e t  of M equa t ions  (eqn. 1) i n  

N unknowns, t h e  method of l e a s t  squares  may be  used. Define a r e s i d u a l  

spectrum: 

then  

Now sum over  a l l  t h e  channe l s ,  

N 
2 = j F ( i )  - 1 a j f j (  

i=l j = l  

l e t  t h i s  sum of  t h e  s q u a r e s  of t h e  r e s i d -  
a j  ’ Now, f o r  t h e  s o l u t i o n  s e t ,  

u a l s  be a minimum. Then, minimizing equa t ion  3 w i t h  r e s p e c t  t o  a i s  k 

e q u i v a l e n t  t o :  

I i I- N 

I L  j-1 J -’ 

Equat ion  4 ,  a f t e r  some manipula t ion ,  l e a d s  t o  a se t  of N e q u a t i o n s  i n  

t h e  N unknowns, 

t r e a t m e n t  i s  probably  t h e  b e s t  ye t  developed and h a s  been e x t e n s i v e l y  

s t u d i e d  i n  t h e  l i t e r a t u r e .  

which i s  based upon a l l  in fo rma t ion  a v a i l a b l e .  This  
a j  ’ 

2 Y 3  

For h i s t o r i c  r easons  t h e  p r o c e s s  of q u a n t i t a t i v e  spec t ra l  anaLvs is  

and s u b t r a c t i o n  of  components t o  form a r e s i d u a l  spectrum (such a s  de f ined  
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by e q u a t i o n  2 )  is known as s t r i p p i n g .  The fo rma t ion  of a r e s i d u a l  spec- 

trum c o n s t i t u t e s  a u s e f u l  check on the accu racy  o f  t h e  q u a n t i t a t i v e  

a n a l y s i s ,  s i n c e  i n  the  i d e a l  case i t  shou ld  be un i fo rmly  ze ro .  

Up t o  t h i s  p o i n t ,  i t  h a s  been assumed t h a t  t h e  s t a n d a r d  s p e c t r a ,  

f j ( i )  are complete i s o t o p i c  s p e c t r a .  

been developed by Heath and o t h e r s .  4 9 6 9 8 ’ 9  

A d i f f e r e n t  approach,  however, has  

The assumption is  made t h a t  

each i s o t o p i c  spectrum (and hence the composi te)  i s  due t o  a c o l l e c t i o n  

of monoenerget ic  gamma components of v a r i o u s  i n t e n s i t i e s  and h a l f - l i v e s .  

Each s t a n d a r d  spectrum, f . ( i ) ,  i s  then a monoenerget ic  r e sponse  f u n c t i o n  

( r e sembl ing  f i g .  l b )  which may e i t h e r  be g e n e r a t e d  by t h e  program o r  be  

J 

s t o r e d  i n  a r e sponse  l i b r a r y  o f  some s o r t .  A series o f  spectra a re  

ana lyzed  i n  terms of t h e s e  monoenergetic s p e c t r a ,  t h u s  o b t a i n i n g  a h a l f -  

l i f e  f o r  each  component. The components are  t h e n  grouped a c c o r d i n g  t o  

h a l f - l i f e  and t h e  members of each group summed i n  t h e  p rope r  p r o p o r t i o n s  

t o  o b t a i n  t h e  i s o t o p i c  s p e c t r a .  

O b j e c t i v e s  of  the  P r e s e n t  Work 

A t  p r e s e n t  most programs f o r  r o u t i n e  s p e c t r o a n a l y s i s  f a l l  i n t o  

two g e n e r a l  c a t e g o r i e s .  The more common t y p e  i s  des igned  t o  p rov ide  an  

a c c u r a t e  d e t e r m i n a t i o n  o f  t h e  amounts o f  one o r  more e l emen t s  known t o  

b e  i n  t h e  specimen by d i r e c t l y  s t r i p p i n g  t h e  i s o t o p i c  s p e c t r a  of t h e  con- 

s t i t u e n t s  from t h e  composite.  

The second and more complex type  i s  employed i n  t h e  i d e n t i f i c a -  

t i o n  and q u a n t i t a t i v e  a n a l y s i s  of samples o f  comple t e ly  unknown composi- 

t i o n .  S i n c e  d i r e c t  s t r i p p i n g  o f  i s o t o p i c  components would r e q u i r e  a 
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l a r g e  comprehensive l i b r a r y  o f  s t a n d a r d  i s o t o p i c  s p e c t r a ,  t h e  monoener- 

g e t i c  component t r ea tmen t  i s  u s u a l l y  a p p l i e d .  

The program now under development, which t h i s  r e p o r t  d e s c r i b e s ,  

d e a l s  w i t h  a p a r t i c u l a r  type of a n a l y s i s  which seems t o  have been 

r e l a t i v e l y  n e g l e c t e d ;  namely, t h e  a n a l y s i s  of samples whose composi t ion 

i s  unknown b u t  f o r  which t h e  number of p o s s i b l e  c o n s t i t u e n t s  i s  l i m i t e d  

(20 o r  30 d e t e c t a b l e  i s o t o p e s ) .  In such  a c a s e  t h e  need f o r  a l a r g e  

comprehensive s p e c t r a l  l i b r a r y  is avoided. 

The i d e n t i f i c a t i o n  o f  component i s o t o p e s  i s  made on t h e  b a s i s  of 

peak e n e r g i e s  on ly .  The i s o t o p i c  s p e c t r a  are then  s t r i p p e d  u s i n g  a n  

i s o t o p i c  s p e c t r a l  l i b r a r y .  H a l f - l i f e  d e t e r m i n a t i o n s  a r e  used t o  c o r r e c t  

and r e f i n e  the a n a l y s i s .  

The advantages o f  t h e  method are i ts  r e l a t i v e  s i m p l i c i t y  and 

d i r e c t n e s s  and t h e  f a c t  t h a t  i t  p e r m i t s  a q u i c k  a n a l y s i s  of a s i n g l e  

composi te  spectrum r a t h e r  t han  r e q u i r i n g  a long  ser ies  of s p e c t r a  f o r  

any r e s u l t s  a t  a l l .  

Also,  an  a t t e m p t  has been made t o  make t h e  a n a l y s i s  comple t e ly  

a u t o m a t i c  i n  t h a t  no manual d a t a  man ipu la t ions  o r  human d e c i s i o n s  are 

i n v o l v e d  i n  t h e  a n a l y s i s ,  t h u s  making t h e  r e s u l t s  comple t e ly  o b j e c t i v e .  



METHOD OF ANALYSIS 

Experimental  

I n  t h i s  r e s e a r c h  a t  t h e  p r e s e n t  time t h e  s p e c t r o m e t e r  s y s t e m  

used c o n s i s t s  o f  a s t a n d a r d  2" x 2" NaI ( T l )  w e l l  c r y s t a l  coupled t o  a 

1024 channel  p u l s e  h e i g h t  a n a l y z e r  equipped w i t h  b o t h  p r i n t e d  t a p e  and 

s t a n d a r d  8 channe l  p e r f o r a t e d  paper t a p e  o u t p u t .  The p e r f o r a t e d  pape r  

t a p e  i s  conve r t ed  d i r e c t l y  to  punched c a r d s  on a tape-card c o n v e r t e r .  

The computer f a c i l i t y  used a t  t h i s  t i m e  c o n s i s t s  of a n  IBM 

7072-1401 system w i t h  a u s a b l e  c o r e  s t o r a g e  of abou t  8000 words. 

The samples a r e  i r r a d i a t e d  i n  a 100 kw TRIGA type r e a c t o r .  

The s p e c i f i c  problem be ing  a t t a c k e d  i n  t h i s  r e s e a r c h  is t h e  

r o u t i n e  trace element  a n a l y s i s  of p a r t i c u l a t e  a i r  p o l l u t i o n .  The 

samples f u l f i l l  t h e  requirement  o f  hav ing  an unknown b u t  l i m i t e d  com- 

p o s i t i o n ,  and because  of t h e  l a r g e  number of samples  t o  be ana lyzed ,  a 

comple t e ly  automated method i s  h i g h l y  d e s i r a b l e .  

The Program 

The complete a n a l y s i s  c o n s i s t s  of a se r ies  of problems f o r  

which s o l u t i o n s  are under  development a t  t h i s  t i m e .  Some o f  t h e  s o l u -  

t i o n s  are  a lmos t  complete ,  w h i l e  o t h e r s  a re  s t i l l  i n  t h e  e a r l y  e x p e r i -  

m e n t a l  s t a g e s .  

d e t a i l i n g  t h e s e  problems and methods o f  s o l u t i o n  a l o n g  w i t h  comparisons 

What f o l l o w s  is a g e n e r a l  d e s c r i p t i o n  of t h e  program 
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of t h e  methods w i t h  those  a l r e a d y  developed o r  under  development by 

o t h e r s .  More d e t a i l e d  in fo rma t ion  on t h e  mechanics of  t h e  program 

( f l o w c h a r t s ,  l i s t i n g s ,  e t c . )  may be found i n  Appendix A .  

Pre l imina ry  P r o c e s s i n g  

Before  t h e  a n a l y s i s  p rope r  can b e g i n ,  t h e  raw gamma spectrum 

must undergo p r e l i m i n a r y  p rocess ing  i n  p r e p a r a t i o n  f o r  component 

i d e n t i f i c a t i o n  and s t r i p p i n g .  The t h r e e  main s t e p s  are:  

1. d a t a  smoothing 

2. peak l o c a t i o n  

3. energy scale  c a l i b r a t i o n  

The count  i n  each channel  of t h e  spec t rum i s  s u b j e c t  t o  s t a t i s -  

t i c a l  e r r o r  which i n t r o d u c e s  a random v a r i a t i o n  of t h e  spectrum from a 

smooth curve .  Th i s  random v a r i a t i o n  o r  "noise"  is  n o t  t oo  s e r i o u s  i f  

t h e  energy p e r  channel  r a t i o  is  coa r se  (&.e., i f  t h e  spec t rum c o n t a i n s  

r e l a t i v e l y  few c h a n n e l s ) .  I n  t h i s  r e s e a r c h ,  however, a spectrum cove r ing  

a range  of abou t  2 .5  MeV may b e  d iv ided  i n t o  as many as 1024 channe l s ,  

g i v i n g  an  energy  of about  2 .5  KeVIchannel. Even € o r  r a t i o s  of  t h e  o r d e r  

o f  1 5  KeV/channel, n o i s e  may be  a r a t h e r  s e r i o u s  problem when l o c a t i n g  

peaks and s t r i p p i n g .  

I t  would be  h i g h l y  d e s i r a b l e ,  t h e r e f o r e ,  t o  enhance t h e  spec t rum 

t o  n o i s e  r a t i o  by some a n a l y t i c a l  means w h i l e  avo id ing  a l o s s  of  s i g n i f i -  

c a n t  i n f o r m a t i o n ,  

One method commonly used f o r  t r e a t m e n t  of con t inuous  numer ica l  

d a t a  i s  t h e  t echn ique  of  convolu t ion .  T h i s  method changes t h e  v a l u e  of 

each  d a t a  p o i n t  by c o n s i d e r i n g  a r e g i o n  of  m d a t a  p o i n t s  on each  s i d e  

a c c o r d i n g  t o  t h e  e q u a t i o n  
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m 

i = - m  1 ciyj+i 
y* = 
j N 

Note t h a t  t h i s  e q u a t i o n  c o n s i d e r s  a group of 2m+l d a t a  p o i n t s  

c e n t e r e d  on t h e  j th  d a t a  p o i n t  and,  u s i n g  a set  of 2mF1 convo lu t ing  

i n t e g e r s ,  C and a no rma l i z ing  f a c t o r  N ,  y i e l d s  a new v a l u e ,  Y?, f o r  t h e  

j th d a t a  p o i n t ,  Y 

e n t i r e  spectrum is  processed  by l e t t i n g  j r u n  through t h e  channel  num- 

i J 

The v a l u e ,  Y*, is  p laced  i n  a new d a t a  t a b l e .  The 
j '  j 

b e r s  i n  t h e  o r i g i n a l  d a t a  t a b l e .  

This  concept  may be made more c lear  by n o t i c i n g  t h a t  i f  a l l  t h e  

C . ' s  a re  e q u a l  t o  1 and if N = 2m+l ,  t h e  convo lu t ion  s imply  r e p r e s e n t s  

a moving ave rage  of t h e  o r d i n a t e  v a l u e s  of t h e  d a t a  p o i n t s .  The i n t e g e r s ,  

Ci ,  a re  then  s imply  a we igh t ing  f u n c t i o n  a p p l i e d  t o  t h e  p o i n t s  on each 

s i d e  of a d a t a  p o i n t  i n  de t e rmin ing  i t s  new va lue .  Although many d i f f e r -  

e n t  se t s  o f  i n t e g e r  f u n c t i o n s ,  Ci ,  have been t r i e d ,  most r e s u l t  i n  some 

l o s s  of informacion.  

1 

Perhaps t h e  b e s t  p o s s i b l e  r e s u l t s  would b e  o b t a i n e d  by applv ing  

a least  s q u a r e s  f i t  of a polynomial t o  t h e  2m-t-1 d a t a  p o i n t s  i n  o r d e r  t o  

de t e rmine  a new v a l u e  f o r  t h e  c e n t r a l  p o i n t .  This would seemingly e n t a i l  

a much more compl ica ted  procedure  o f  s e t t i n g  up and s o l v i n g  a s e t  o f  

2m+l e q u a t i o n s  f o r  each d a t a  p o i n t .  

F o r t u n a t e l y ,  however, by making two s i m p l e  assumpt ions  ( con t inu -  

i t y  of t h e  spec t rum and equa l  spac ing  of d a t a  p o i n t s  a long  t h e  a b s c i s s a ) ,  

t h i s  l eas t  s q u a r e s  polynomial  f i t  can  be  shown 

s e n t e d  by a se t  of convo lu t ing  i n t e g e r s ,  Ci, and a n o r m a l i z a t i o n  f a c t o r ,  

N. 

14 t o  be  e x a c t l y  r ep re -  
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The polynomial t o  be  f i t t e d  may be p a r a b o l i c ,  c u b i c ,  e t c . ,  and 

t h e  v a l u e  of 2m-t-1 (number of  p o i n t s  i n  t h e  f i t )  may be  any odd i n t e g e r  

above a minimum. A p a r t i c u l a r  se t  of i n t e g e r s ,  Ci, and N is a s s o c i a t e d  

w i t h  each c h o i c e  o f  a polynomial  degree  and a v a l u e  of  2m-t-1 ( t a b l e s  of 

C and N may be  found i n  r e f .  1 4 ) .  i 

The q u e s t i o n  of  t h e  combinat ion of  polynomial  deg ree  and number 

of p o i n t s  p e r  f i t  b e s t  s u i t e d  f o r  gamma s c i n t i l l a t i o n  s p e c t r a  has  been 

i n v e s t i g a t e d  by H. P .  Yule’’ and a l s o  t o  some e x t e n t  i n  t h i s  r e s e a r c h .  

I n  g e n e r a l  i t  h a s  been found t h a t  a quadra t i c -cub ic  f i t  ( t h e  C ‘ s  and 

N ,  are t h e  same i n  bo th  c a s e s )  w i t h  2mtl no g r e a t e r  t han  t h e  w i d t h  of  a 

s i g n i f i c a n t  peak a t  h a l f  maximum g i v e s  t h e  b e s t  r e s u l t s .  

i 

Once t h e  spectrum has  been processed  t o  remove as much n o i s e  a s  

p o s s i b l e ,  t h e  program s e a r c h e s  i t  f o r  peaks.  There may b e  many meaning- 

less bumps and wigg le s  i n  t h e  spectrum caused by t h e  Compton e f f e c t ,  low 

f requency  n o i s e ,  e tc .  These must be d i s c a r d e d  and o n l y  meaningfu l  peaks 

which can p a s s  s t a t i s t i c a l  tests of  v a l i d i t y  should  be  r eco rded  f o r  

a n a l y s i s .  Furthermore,  t h e  c e n t e r  of t h e  peak must be  l o c a t e d  a s  e x a c t l y  

as p o s s i b l e  i n  o r d e r  t o  de te rmine  i t s  energy .  

The f i r s t  s t e p  i n  t h i s  procedure  i s  t h e  g e n e r a t i o n  of t h e  f i r s t  

d e r i v a t i v e  o f  t h e  spectrum. A t  p r e s e n t ,  t o  f i n d  t h e  d e r i v a t i v e  a t  t h e  

j th  p o i n t ,  a l i n e a r  l ea s t  squa res  f i t  i s  made t o  t h e  j t h  p o i n t  and t h e  

p o i n t  on  each s i d e  ( 3  p o i n t s ) .  The d e r i v a t i v e  is  then  j u s t  t h e  s l o p e  o f  

t h e  l i n e .  Although t h i s  method is somewhat c rude ,  i t  works s u r p r i s i n g l y  

w e l l .  

This w i l l  Boon be r ep laced ,  however, by a q u a d r a t i c  l ea s t  s q u a r e s  

f i t  on a r e g i o n  of perhaps  seven  p o i n t s  t o  o b t a i n  t h e  d e r i v a t i v e  a t  t h e  
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c e n t r a l  p o i n t  i n  t h e  r eg ion .  I t  t u r n s  t h a t  t h i s  a l s o  may be 

e x a c t l y  r e p r e s e n t e d  by a d a t a  convolu t ion  u s i n g  a p a r t i c u l a r  s e t  o f  

i n t e g e r s ,  C i ,  and N.  

unsmoothed da ta  s i n c e  t h e  smoothing i s  accomplished by t h e  f i t t i n g  of  

The convolu t ion  i s  performed d i r e c t l y  on t h e  

t h e  q u a d r a t i c .  This  more s o p h i s t i c a t e d  technique  i s  expec ted  t o  i n c r e a s e  

accuracy  cons ide rab ly .  

A f t e r  t h e  d e r i v a t i v e  i s  ob ta ined ,  t h e  program s c a n s  i t  look ing  

f o r  changes of s i g n .  A change from p o s i t i v e  t o  n e g a t i v e  may i n d i c a t e  a 

peak w h i l e  t h e  o p p o s i t e  change a v a l l e v .  O f  cou r se ,  due t o  l o w  f requency  

n o i s e ,  e t c . ,  t h e r e  may be  many s i g n  changes which mean n o t h i n g  a t  a l l .  

T h e r e f o r e ,  s t a t i s t i c a l  tests are app l i ed  t o  a s c e r t a i n  t h e  v a l i d i t y  of  

13 ,15  t h e  peak i n d i c a t i o n .  S e v e r a l  types of tests have been proposed.  

The tests made by t h i s  program are  based  on two i n p u t  pa rame te r s ,  

p and h. To be  admi t t ed  as a v a l i d  s i g n  change,  t h e  d e r i v a t i v e  must have 

a t  l e a s t  p s u c c e s s i v e  channe l s  w i th  t h e  same s i g n  a f t e r  a s i g n  change. 

If t h e  change i s  from p o s i t i v e  t o  n e g a t i v e  ( a  peak) ,  t h e  top  of  t h e  peak 

must be a t  l eas t  h coun t s  h i g h e r  than  t h e  p r e v i o u s  v a l l e y  t o  q u a l i f y  as 

a v a l i d  peak. 

During t h e  scan  of  t h e  f i r s t  d e r i v a t i v e ,  t h e  program f l r s t  

s e a r c h e s  f o r  a peak. Once a v a l i d  peak is  found,  a v a l i d  minimum i s  

sea rched  f o r ,  and so  on u n t i l  t h e  las t  channel  i s  reached .  The v a l u e s  

of  p and h de t e rmine  t h e  minimum s i z e  of peak which i s  cons ide red  v a l i d .  

The s i g n  change o f  t h e  d e r i v a t i v e  p r o v i d e s  a rough i n d i c a t i o n  

of t h e  l o c a t i o n  of t h e  c e n t e r  of t h e  peak,  b u t  t o  o b t a i n  a more e x a c t  

v a l u e ,  a l i n e a r  f i t  is  made t o  a r e g i o n  of t h e  d e r i v a t i v e  c e n t e r e d  on 

t h e  a p p a r e n t  s i g n  change and of wid th  2g, where g is  a n  i n p u t  parameter .  
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The i n t e r s e c t  of  t h e  l i e n a r  f i t  w i t h  t h e  a b s c i s s a  is then i n t e r p r e t e d  

t o  be  t h e  l o c a t i o n  of t h e  c e n t e r  af t h e  peak. N o t i c e ,  however, t h a t  

t h e  c e n t e r  l o c a t i o n  of t h e  peak does n o t  have t o  be  determined w i t h  

g r e a t  accu racy  s i n c e  on  a s t e e p l y  s l o p i n g  background a peak c e n t e r  may 

s h i f t  as much as s e v e r a l  channe l s .  Accuracy w i t h i n ,  f o r  example,  one- 

h a l f  channel  would be ample. 

Along w i t h  t h e  channel  number a t  peak cen te r ,  i t  i s  u s e f u l  t o  

have some measure of t h e  n e t  h e i g h t  o f  each  peak above background. 

Although t h i s  can be  done i n  a v a r i e t y  o f  ways, t h e  p r e s e n t  method 

measures t h e  a b s o l u t e  h e i g h t  of t h e  peak ( i n  coun t s )  above t h e  p r e v i o u s  

minimum. 

I n  o r d e r  t o  de te rmine  t h e  energy of an unknown peak i n  a complex 

spec t rum,  i t  is  necessa ry  t o  know t h e  energy-channel  number r a t i o  t o  a 

good degree  o f  accuracy .  

The u s u a l  method i s  t o  t a k e  spectra  of known gamma s t a n d a r d s  

(Co60, Cs13', e t c . )  b e f o r e  and a f t e r  t h e  unknown spec t rum is  formed. 

Then a manual p l o t  is  made of  energy w i t h  channe l  number. The l o c a t i o n s  

o f  t h e  peaks ( channe l  number) i n  the known s p e c t r a  a long  w i t h  t h e i r  

e n e r g i e s  are p l o t t e d  a s  p o i n t s  on the  graph ,  and a l i n e  through t h e  

o r i g i n  i s  f i t t e d  t o  t h e  p o i n t s .  This  graph  i s  t h e n  used t o  de te rmine  

t h e  e n e r g i e s  of peaks i n  t h e  unknown spectrum. 

Both t o  f a c i l i t a t e  d a t a  hand l ing  and t o  i n c r e a s e  accu racy ,  t h i s  

p rocedure  has  been i n c o r p o r a t e d  as p a r t  of t h e  program. 

S e v e r a l  s t a n d a r d  s p e c t r a  taken  j u s t  b e f o r e  o r  a f t e r  t h e  unknown 

spec t rum are p laced  i n t o  t h e  program i n p u t .  

spec t rum a l i s t  o f  t h e  e n e r g i e s  of  t h e  known peaks  and t h e i r  approximate 

Along w i t h  each  s t a n d a r d  



l o c a t i o n s  (channel  number 

then  l o c a t e s  a l l  peaks  i n  

d e s c r i b e d  and proceeds  t o  

ones  cor responding  t o  t h e  

t h e  form (x  E ) is then  i’ i 
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w i t h  l a r g e s t  count )  i s  inc luded .  The program 

each s t a n d a r d  spectrum by t h e  method p r e v i o u s l y  

s e a r c h  through t h e s e  d e t e c t e d  peaks t o  f i n d  t h e  

s t a n d a r d  peaks  r ead  i n .  A series of  p a i r s  of 

formed where x and Ei a re  t h e  l o c a t i o n  ( channe l  i 
CL 

number) and energy (MeV) of  t h e  iLLL s t a n d a r d  peak.  

by l e a s t  s q u a r e s  t o  an  e q u a t i o n  of  t h e  form E = kx where i t  is  assumed 

t h a t  t h e  E I s  are  e x a c t  and t h e  x I s  c o n t a i n  random e r r o r s .  Having thus  

found a v a l u e  of  k i t  is  easy  t o  de te rmine  t h e  e n e r g i e s  of t h e  peaks i n  

t h e  unknown spec t rum by t h e  use  of  t h e  above r e l a t i o n s h i p .  This, then  

completes  t h e  p r e l i m i n a r y  p rocess ing .  

The p o i n t s  a r e  f i t t e d  

i i 

Q u a l i t a t i v e  Ana lys i s  

The nex t  major  phase  i s  the  i d e n t i f i c a t i o n  of components, &.e., 
t h e  q u a l i t a t i v e  a n a l y s i s .  The program h a s  a v a i l a b l e  t o  i t  a n  i s o t o p i c  

s p e c t r a l  l i b r a r y  on magnet ic  t a p e  c o n t a i n i n g  i n  a d d i t i o n  t o  t h e  s p e c t r a ,  

o t h e r  i n fo rma t ion  a s s o c i a t e d  w i t h  each i s o t o p e  ( s e e  Appendix B f o r  

l i b r a r y  fo rma t ) .  P a r t  of t h i s  i n f o r n a t i o n  i s  a l i s t  of s t a n d a r d  ener -  

g i e s  and r e l a t i v e  h e i g h t s  of  t h e  peaks which c h a r a c t e r i z e  each  i s o t o p i c  

spec t rum.  

On t h e  b a s i s  of t h e  peaks found i n  t h e  unknown composi te  spec t rum 

and t h e  peak in fo rma t ion  i n t h e  s p e c t r a l  l i b r a r y ,  t h e  program must d e c i d e  

which of  t h e  i s o t o p e s  i n  t h e  l i b r a r y  a re  p r e s e n t  i n  t h e  composi te .  I n  

p r i n c i p l e ,  of c o u r s e ,  t h e  program j u s t  s o r t s  th rough t h e  peaks found i n  

t h e  complex spec t rum t o  see whether  t h e  peaks co r re spond ing  t o  a p a r t i c u -  

lar i s o t o p e  are p r e s e n t .  There is  a p o s s i b i l i t y ,  however, t h a t  a small 
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peak may be  b u r i e d  benea th  a l a r g e r  peak a t  a s l i g h t l y  d i f f e r e n t  energy  

and remain unde tec t ed .  The t e s t  f o r  t h e  e x i s t a n c e  of  a p a r t i c u l a r  peak 

i n  t h e  composi te  i n v o l v e s ,  t h e r e f o r e ,  t h e  examinat ion  of  a r e l a t i v e l y  

broad r e g i o n  t ak ing  i n t o  account  o t h e r  peaks p r e s e n t  i n  t h e  r e g i o n  and 

t h e  r e l a t ive  s i z e s  of t h e s e  peaks and t h e  one be ing  sea rched  f o r .  The 

procedure  y i e l d s  a p r o b a b i l i t y  f a c t o r  f o r  t h e  e x i s t a n c e  of  t h e  peak.  

These p r o b a b i l i t y  f a c t o r s  are used t o  make a d e c i s i o n  r e g a r d i n g  t h e  

p re sence  o r  absence  of  a p a r t i c u l a r  i s o t o p e .  

An e lement  i n  t h e  sample w i l l  i n  some c a s e s  be  composed o f  more 

than  one i s o t o p e  capab le  of  be ing  a c t i v a t e d  t o  a s i g n i f i c a n t  e x t e n t  and 

s o  w i l l  form s e v e r a l  r a d i o n u c l i d e s  upon i r r a d i a t i o n .  I n  such  a c a s e  an  

" i n d i c a t o r "  r a d i o n u c l i d e  w i l l  b e  chosen from among t h o s e  formed by t h e  

p a r t i c u l a r  e lement .  I d e a l l y ,  t h e  i n d i c a t o r  r a d i o n u c l i d e  is  c h a r a c t e r i z e d  

by peaks  whose e n e r g i e s  are e a s i l y  d i f f e r e n t i a b l e  from e n e r g i e s  a s s o c i -  

a t e d  w i t h  t h o s e  due t o  o t h e r  p o s s i b l e  e lements .  Also t h e  i n d i c a t o r  

shou ld  be  among t h e  most e a s i l y  d e t e c t a b l e  o f  t h e  n u c l i d e s  formed by t h e  

p a r t i c u l a r  e lement .  The p resence  o r  absence  of a l l  t h e  i s o t o p i c  s p e c t r a  

due t o  t h e  element  is  then  dec ided  by t h e  p re sence  o r  absence  of t h e  

spec t rum due t o  t h e  i n d i c a t o r  nuc l ide .  

The s t a n d a r d  spec t rum due to  t h e  a c t i v a t i o n  o f  a p a r t i c u l a r  i so-  

tope  of a n  e lement  a long  w i t h  a l l  a s s o c i a t e d  in fo rma t ion  c o n s t i t u t e s  one 

l i b r a r y  e n t r y .  The i s o t o p i c  e n t r i e s  co r re spond ing  t o  an element  are 

grouped t o g e t h e r ,  t h e  e n t r y  of t h e  i n d i c a t o r  i s o t o p e  be ing  f i r s t .  The 

program checks f o r  t h e  p re sence  of the i n d i c a t o r  spectrum of each  e lement  

series of e n t r i e s  (which as a s p e c i a l  case may c o n t a i n  on ly  one e n t r y  i f  

t h e  element has  only  one a c t i v a t i b l e  i s o t o p e ) .  If  t h e  i n d i c a t o r  spec t rum 
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i s  a b s e n t  from t h e  composite spectrum, t h e  s e a r c h  s k i p s  t o  t h e  i n d i c a t o r  

e n t r y  of t h e  n e x t  e l emen ta l  s e r i e s .  I f ,  however, t h e  i n d i c a t o r  is p r e s e n t  

t h e  e n t i r e  e l emen ta l  ser ies  of  i s o t o p i c  s p e c t r a  i s  r ead  from t h e  l i b r a r y  

t a p e .  

A f t e r  a s t a n d a r d  i s o t o p i c  spectrum i s  r e a d  from t h e  l i b r a r y ,  i t  

i s  expanded o r  c o n t r a c t e d  a long  t h e  a b s c i s s a  so  t h a t  i t s  energy  s c a l e  i s  

e q u a l  t o  t h a t  o f  t h e  composite.  A t  t h e  same t i m e  t h e  o r d i n a t e  v a l u e s  of 

the  s t a n d a r d  spectrum are a d j u s t e d  so  t h a t  t h e  t o t a l  number of  coun t s  i n  

t h e  spec t rum remains t h e  same. The spectrum is then smoothed and s t o r e d  

a l o n g  w i t h  i t s  a s s o c i a t e d  in fo rma t ion  on an i n t e r m e d i a t e  tape i n  prepara-  

t i o n  f o r  s t r i p p i n g .  

The program scans  t h e  l i b r a r y  t e s t i n g  f o r  t h e  p re sence  of  each 

i n d i c a t o r  spectrum u n t i l  t h e  end of t h e  l i b r a r y  is reached .  A t  t h a t  p o i n t  

t h e  i s o t o p i c  e n t r i e s  cor responding  t o  a l l  t h e  components d e t e c t e d  i n  t h e  

complex spectrum are  s t o r e d  on the i n t e r m e d i a t e  t a p e  and t h e  program i s  

ready  t o  de te rmine  t h e  a c t u a l  amount of  each one p r e s e n t  i n  t h e  composite.  

Q u a n t i t a t i v e  Ana lys i s  

R e c a l l  e q u a t i o n  I: 

where ,  as b e f o r e ,  f . ( i )  is t h e  j th  s t a n d a r d  i s o t o p i c  spec t rum,  F ( i )  is  

t h e  composite spectrum and a 

spec t rum i n  t h e  composite. 

M c h a n n e l s  i n  each  spectrum. 

c a n  be reduced t o  N to  p e r m i t  a unique a l g e b r a i c  s o l u t i o n .  

3 
a r e  t h e  we igh t ing  f a c t o r s  of each component 

j 
Note t h a t  t h e r e  are N component s p e c t r a  and 

As w a s  mentioned t h e  number of e q u a t i o n s  

For r e a s o n s  
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t o  be d i s c u s s e d  t h i s  i s  p r e s e n t l y  the method of q u a n t i t a t i v e  a n a l y s i s  

used i n  t h i s  program. 

L e t  t h e  a b s c i s s a  of the  spectrum be d i v i d e d  i n t o  N i n t e r v a l s  

[ i l , i 2 1 ,  [ i 2 ' i 3 1 9  * ' * 9 IikIik+119 . . .  
1 o v e r  t h e  kth i n t e r v a l  y i e l d s  

[ iN, Summing e q u a t i o n  

t h a t  is, 

Define  a m a t r i x  as f o l l o w s :  

th s t a n d a r d  spectrum coun t s  i n  k i n t e r v a -  of 1 t h  
P 

t o t a l  coun t s  i n  j th  s t a n d a r d  spectrum g k j  

S ince  t h e  a 's are  c o n s t a n t s  w i t h  r e s p e c t  t o  i, 
j 

a 
g k j  

o r  
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Then r e v e r s i n g  t h e  o r d e r  of summation i n  e q u a t i o n  6 and s u b s t i t u t i n g  

equa t ion  8, y i e l d s :  

L e t t i n g  

e q u a t i o n  9 becomes 

N - 
Tk - g k j  Hj ' j -1 

Not i ce  t h a t  w i t h  t h e  in fo rma t ,m g iven  (the composi te  spectrum 

and t h e  N s t a n d a r d  i s o t o p i c  s p e c t r a )  Tk and g 

and 7 are known q u a n t i t i e s .  

t i o n s  i n  t h e  N unknowns H From equa t ion  10, 

d e f i n e d  by equa t ion  6 
k j  

Equat ion 11 is t h e r e f o r e  a s e t  of N equa- 

j '  

and l e t t i n g  

where  S, is t h e  t o t a l  counts  i n  the jth s t a n d a r d  spectrum (a known quan- 

t i t y ) ,  e q u a t i o n  12 becomes 

J 



H 

.j=c* 
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(14)  

I n  looking  a t  t h i s  method of a n a l y s i s  n o t i c e  t h a t  t he  c o e f f i c i e n t  

m a t r i x  which i s  de f ined  by equa t ion  7 i s  of  such  a s imple  n a t u r e  t h a t  each 

component of t h e  m a t r i x  can be c a l c u l a t e d  w i t h  on ly  a sma l l  f r a c t i o n  of 

t h e  t o t a l  s p e c t r a l  d a t a  (composi te  and N s t a n d a r d s )  immediately a v a i l a b l e .  

This  means t h a t  s p e c t r a  w i t h  a r e l a t i v e l y  l a r g e  number of channels  ( e . g . ,  

1024) can be used wi thou t  running o u t  o f  c o r e  s t o r a g e  i n  t h e  computer. 

Using t h i s  method a 1024 channel  complex spectrum c o n t a i n i n g  20 components 

can b e  ana lyzed  us ing  on ly  about  2500 words of  spectrum and equa t ion  work- 

i n g  s t o r a g e .  

Th i s  approach pe rmi t s  t h e  u s e  of a l a r g e  number of channels  i n  

t h e  q u a l i t a t i v e  a n a l y s i s  w h i l e  i n  e f f e c t  reducing  t h e  number of channe l s  

f o r  q u a n t i t a t i v e  a n a l y s i s .  As w i l l  be d i scussed  l a t e r ,  however, cons ide r -  

a b l e  accuracy  is  s t i l l  a t t a i n e d  i n  c a l c u l a t i n g  t h e  v a l u e s  of  t h e  a 's.  
j 

S t a r t i n g  on t h e  l ea s t  squa res  approach ( equa t ion  4 )  i t  can b e  

shown3 t h a t  t h e  c o e f f i c i e n t  ma t r ix  of t h e  se t  of N e q u a t i o n s  r e s u l t i n g  

is of  t h e  form 

N o t i c e  t h a t  i t  is  necessa ry  t o  have t h e  composi te  spectrum and a l l  N 

s t a n d a r d  s p e c t r a  i n  c o r e  s t o r a g e  a t  one time i n  o r d e r  t o  c a l c u l a t e  

t h e s e  c o e f f i c i e n t s .  Thus a n a l y s i s  of a 1024 channel ,  20 component 

spec t rum would r e q u i r e  about  22,000 words of working s t o r a g e  which is  

f a r  beyond t h e  c a p a c i t y  of t h e  sys t em now i n  use .  

programs u s i n g  t h i s  method are much more s e r i o u s l y  l i m i t e d  as t o  

For t h i s  r eason  
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numbers of channels  and components a l though f o r  c e r t a i n  a p p l i c a t i o n s  

l e a s t  squa res  is s t i l l  t h e  b e s t  procedure.  

The s e t  of equa t ions  ( equa t ion  11)  once s e t  up could be  so lved  

by any of s e v e r a l  methods. S ince ,  however, each s e t  is  so lved  on ly  

once f o r  a g iven  c o e f f i c i e n t  matrix g i t  w a s  dec ided  t o  use  matrix 

t r i a n g u l a r i z a t i o n  and back s u b s t i t u t i o n .  

k j  ' 
12 

Having so lved  t h e  s e t  of equa t ions  f o r  H ' s  t h e r e  remains on ly  

t h e  c a l c u l a t i o n  of t h e  amounts of the cor responding  i s o t o p e s  and hence 

e lements  i n  t h e  sample  of material  be ing  ana lyzed .  

c a l c u l a t i o n  of sample composi t ion may be found i n  Appendix C. 

j 

Details of t h e  



RESULTS 

The program j u s t  d e s c r i b e d  h a s  been under development f o r  abou t  

e i g h t  months and is  a t  t h i s  p o i n t  approximate ly  h a l f  f i n i s h e d .  

The p a r t s  of t h e  program d e a l i n g  w i t h  t h e  p r e l i m i n a r y  process-  

i n g  o f  s p e c t r a  a r e  l a r g e l y  f i n i s h e d .  A s  a tes t  of t h e  d a t a  smoothing, 

a PO24 channel  spectrum w a s  g iven  a 5-, 7-, and 9-poin t  smoothing con- 

v o l u t i o n  u s i n g  a q u a d r a t i c - c u b i c  f i t .  The r e s u l t s  were v e r y  good, s o  

good i n  f a c t  t h a t  t h e  s t a t i s t i c a l  peak v a l i d i t y  t e s t s  w i l l  p robab ly  

have t o  b e  changed somewhat. F igure  2 shows t h e  top  of a peak b e f o r e  

and a f t e r  a 9-poin t  convo lu t ion .  

As can b e  s e e n  t h e  shape  is c o n s i d e r a b l y  improved. The q u a d r a t i c -  

c u b i c  f i t  a t t e m p t s  t o  make t h e  t o p  o f  t h e  peak p a r a b o l i c  which is c l o s e  

t o  t h e  t h e o r e t i c a l  peak shape  (approximate ly  Gaussian) .  A f i t  ove r  

fewer  p o i n t s  t e n d s  t o  r e t a i n  more f l u c t u a t i o n s ,  however as t h e  number 

of p o i n t s  i n c r e a s e s  s m a l l  b u t  s i g n i f i c a n t  peaks tend t o  be  f l a t t e n e d .  

The peak d e t e c t i o n  and l o c a t i o n  procedure  w a s  o r i g i n a l l y  des igned  

f o r  unsmoothed d a t a .  A s  a t es t  of a 256 channel  unsmoothed spec t rum w a s  

p rocessed  f o r  peak d e t e c t i o n  and l o c a t i o n  w i t h  t h e  fo l lowing  v a l u e s  of  

pa rame te r s :  p = 3 ,  h = 50, g = 4 .  The r e s u l t s  f o r  several  peaks i n  t h e  

spec t rum are shown i n  F i g u r e  3 .  A s  can  b e  s e e n  t h e  center l o c a t i o n s  

seem t o  be  r easonab ly  a c c u r a t e .  It  was found t h a t  t h e  peak d e t e c t i o n  

was q u i t e  re l iab le  i n  t h a t  no s i g n i f i c a n t  peaks were over looked  and 

y e t  a l l  peaks  d e t e c t e d  were genuine.  

22 



5 500 

5000 

4500 

/ 

/ 
O I  

2 3  

o Raw Data . Smoothed Data 

I 

I '  I 1 . 1  
235 240 245 250 255 

Channel Number 

F iqu re  2 

Top of Peak i n  Spectrum Before  and A f t e r  a 9-Point Ouadrat ic-  
Cubic Convolution. 



2 4  

a 

0 
e 

C 
c? i 

b 

0 

a 

0 l 
a 

0 

4 

8 

0 
d i 

1 i 1 1 
0 
0 
l.n 
U 

0 
0 
0 
U 

0 
0 
l.n 
F-l 

0 
0 
0 m 

I 



To t e s t  

s p e c t r a  (Cs , 137 

25 

t he  energy c a l i b r a t i o n  procedure ,  t h r e e  gamma s t a n d a r d  

NaZ2, and Co6') were r ead  i n  a long  wi th  t h e  s t a n d a r d  

peak e n e r g i e s  and approximate peak l o c a t i o n s .  

of t h e  ou tpu t  and F igu re  4 shows t h e  cor responding  graph of  energy w i t h  

channel  number. I n  g e n e r a l  t h e  accuracy of  t h e  r e s u l t i n g  energy- 

channel  number r a t i o  was much b e t t e r  than  could  be a t t a i n e d  manual ly .  

Table  1 shows a summary 

The q u a l i t a t i v e  a n a l y s i s  s e c t i o n  is t h e  l ea s t  developed p a r t  of 

t h e  program a t  t h i s  p o i n t .  I t  is s t i l l  i n  t h e  e a r l y  s t a g e s ;  no r e s u l t s  

have y e t  been ob ta ined .  

The q u a n t i t a t i v e  p a r t  o f  the  a n a l y s i s  has  been t h e  o b j e c t  of  

most of  t h e  work done on t h i s  program t o  d a t e  b u t  even s o ,  due t o  t h e  

complex i t i e s  of t h e  problem, no formal  r e s u l t s  have been ob ta ined .  

However, on t h e  b a s i s  of p re l imina ry  ' t e s t s  i t  h a s  been found t h a t  e r r o r s  

on t h e  o r d e r  of  1 t o  2% may be expected i n  t h e  v a l u e s  of t h e  a ' s  pro- 

duced by t h e  method of s t r i p p i n g  desc r ibed  p rev ious ly .  Also,  i t  h a s  

been found t h a t  t h e  e r r o r  i n  t h e  s o l u t i o n  of  t he  s e t  of a l g e b r a i c - e q u a -  

t i o n s  ( e q u a t i o n  11) i s  s e v e r a l  o r d e r s  of magnitude smaller than  1% and 

s o  need n o t  be cons idered .  

j 

I n  summary, t h e  p re l imina ry  spectrum process ing  s e c t i o n  i s  

a lmos t  complete  and produces h igh ly  a c c e p t a b l e  r e s u l t s .  The component 

i d e n t i f i c a t i o n  s e c t i o n  is  not  y e t  f a r  enough a long  t o  produce any r e s u l t s .  

The q u a n t i t a t i v e  a n a l y s i s  ( s t r i p p i n g )  s e c t i o n  is s t i l l  under  development,  

b u t  e a r l y  tests show t h a t  t h e  method works and should  produce a c c e p t a b l e  

r e s u l t s .  
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CONCLUSIONS 

On the  b a s i s  of t h e  r e s u l t s  ach ieved  up t o  t h i s  time some s l i g h t  

changes i n  method and p o s s i b l e  new d i r e c t i o n s  of development are i n d i -  

ca t ed .  

Even though t h e  p re l imina ry  p rocess ing  p o r t i o n  of t h e  program is  

r e l a t i v e l y  f i n i s h e d  t h e r e  are some small changes planned t o  f u r t h e r  

i n c r e a s e  t h e  q u a l i t y  of results.  F i r s t ,  t h e  method of  spectrum f i r s t  

d e r i v a t i v e  g e n e r a t i o n  w i l l  be  changed from a 3 p o i n t  l i n e a r  f i t  t o  a 7 

o r  9 p o i n t  q u a d r a t i c  f i t .  This  i s  expected t o  i n c r e a s e  t h e  accuracy  and 

r e l i a b i l i t y  of peak d e t e c t i o n  and l o c a t i o n .  It is  a l s o  a n t i c i p a t e d  t h a t  

t h i s  i n c r e a s e  i n  the  q u a l i t y  of t h e  d e r i v a t i v e  w i l l  n e c e s s i t a t e  an  addi -  

t i o n a l  peak v a l i d i t y  t e s t ,  p robably  some requirement  on t h e  h e i g h t  t o  

wid th  r a t i o .  

As was mentioned,  t h e  f i r s t  rough tests of  t h e  s t r i p p i n g  proce- 

du re  i n d i c a t e d  e r r o r s  of 1 t o  2%. In t e s t s  of least squa res  s t r i p p i n g ,  

however, e r r o r s  as s m a l l  as 0.01% were ob ta ined .  The re fo re  t o  i n c r e a s e  

accu racy ,  t h e  procedure  i n  t h i s  program w i l l  p robably  be changed t o  one 

i n  which t h e  number of equa t ions  i n  t h e  N unknowns w i l l  n o t  be decreased  

3 

t o  N ,  bu t  t o  some number between M and N depending on t h e  c o r e  s t o r a g e  

a v a i l a b l e  a f t e r  t h e  program is read i n  and s t o r e d .  

on t h e  accuracy  of s t r i p p i n g  i s ,  t h e r e f o r e ,  t h e  amount of  c o r e  s t o r a g e  

a v a i l a b l e  i n  t h e  computer sys tern. 

The main l i m i t a t i o n  

It should  a l s o  be  noted t h a t  t h e  p r e s e n t  method of s t r i p p i n g  

r e q u i r e s  t h e  s t a n d a r d  s p e c t r a  t o  be r e a d  i n t o  c o r e  s t o r a g e  from magnet ic  
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t ape .  For example i n  t h e  p rocess  of s t r i p p i n g  20 components from a 

composite spectrum, each of  t h e  20 s t anda rd  s p e c t r a  m u s t  be  r e a d  from 

magnet ic  t a p e  t o  co re  tw ice .  I f  a l l  s t r i p p i n g  in fo rma t ion  could  be  

brought  i n t o  c o r e  a t  once,  much less  t a p e  r ead lng  would be  r e q u i r e d  w i t h  

a consequent  s a v i n g s  i n  computer time. 

The much l a r g e r  amount o f  core  s t o r a g e  a v a i l a b l e  on t h e  CDC 6400 

systein when i t  becomes o p e r a t i o n a l  w i l l  pe rmi t  two impor tan t  changes i n  

t h e  program which w i l l  g r e a t l y  i n c r e a s e  t h e  accuracy  and speed of an 

a n a l y s i s .  F i r s t ,  a l l  s t o r a g e  on i n t e r m e d i a t e  t a p e  can b e  d ispensed  w i t h ,  

thus  cons ide rab ly  d e c r e a s i n g  t h e  amount of computer t i m e  p e r  a n a l y s i s  

Second, pure  l eas t  s q u a r e s  can b e  used i n  t h e  s t r i p p i n g ,  t h u s  g r e a t l y  

i n c r e a s i n g  accuracy .  



APPENDIX A 

Flowcharts and Program Lis t ings  

Included here is  a summary flowchart o f  the program, as  w e l l  

a s  flowcharts and program l i s t i n g s  of a few of the more important sub- 

rout ines  which are  reasonably complete and have produced good r e s u l t s .  

30 



31 

- Summary Flowchart -- 
of Program 

Start a 
energy 
scale 
energy 
scale 

Read and 
smooth 

compos i t e 

(-)- Locate 

peaks 

Search 
library for 
i sot opic  

Strip 
c otnp one n t s 

amounts 
of unknown 

Calculate 
amounts 

of unknown 
elements 

(-) 
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Subroutine t o  Smooth Spectrum 

Quadratic - cubic convolution in tegers  (9  points )  : 

c1 = cg = -21 

C2 = C8 = 1 4  

cg = c, = 39 

c4 = C6 = 54 

c5 = 59 

N = 231 

Variable l i s t i n g  for program 

M = nmber of  channels i n  program 

SPEC(1) = count i n  Ith channel of spectrum 
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-- Locate  .- ___ Peaks 

En te r  + 
Obta in  

d e r i v a t i v e  
of spec t rum 

I Sea r  ch-1 

peaks u 
k 

1 

l o c a t e  

of  

Apply s t a t i s t i c a l  

peak v a l i d i t y  
v a l i d  tests f o r  3 c e n t e r  

Mea s u r e  
h e i g h t  of 

peak 

n o t  
v a l i d  

I 

Search f o r  
v a l l e v  

- c I 
A - I 

v a l l e v  
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Subrou t ine  t o  Loca te  Peaks 

V a r i a b l e  l i s t i n g  f o r  program: 

M = number of channels  i n  spec t rum 

NUM = number of peaks found 

AMX = count  a t  top of peak 

AMB = count  a t  prev ious  minimum 

NRES = minimum number of c o n s e c u t i v e  channe l s  of same 
s i g n  t o  i n d i c a t e  s i g n  change i n  d e r i v a t i v e  (p )  

H I  = minimum peak h e i g h t  r e l a t i v e  t o  p r e v i o u s  minimum 
(h) 

/ 

NCEN = r a d i u s  of a r e a  c e n t e r e d  on peak used t o  de t e rmine  
c e n t e r  of peak (g) 

AX(1) = count  a t  Ith channel  of spectrum 

AY(1) = d e r i v a t i v e  of  spectrum a t  Ith channel  

PEAK(J) = l o c a t i o n  of Jth peak d e t e c t e d  

HITE(J) = r e l a t i v e  h e i g h t  of Jth peak d e t e c t e d  

K: s e a r c h  index  

K 1: s e a r c h  f o r  peak 

K = 2: s e a r c h  for v a l l e y  
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l i  

C a l c u l a t e  Energy S c a l e  ----____ 

e n t e r  more keep 
e x a c t  peak l o c a t i o n  

l o c a t i o n  read i n  

I - - - I 1 
A 

no 
d 

E n t e r  

Read i n p u t  
f o r  one 

c a l i b r a t i o n  
spectrum 

I 

C a l c u l a t e  
energy  scale 

by l ea s t  
s q u a r e s  

c 
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Subrou t ine  t o  C a l c u l a t e  Energy S c a l e  

V a r i a b l e  l i s t i n g  f o r  program: 

Y K -  

M -  

NCAL = 

KAP = 

LKAP = 

NUM = 

STAN(1,I) = 

STAN(2,I) = 

PEAK(K) = 

HITE(K) = 

AX(J) = 

energy p e r  channel  (k  i n  t e x t )  

number of channels  i n  c a l i b r a t i o n  s p e c t r a  

t o t a l  number of c a l i b r a t i o n  s p e c t r a  t o  be r e a d  i n  

number o f  s t a n d a r d  peaks i n  c a l i b r a t i o n  spec t rum 
be ing  processed  

t o t a l  number of s t a n d a r d  peaks i n  a l l  c a l i b r a t i o n  
s p e c t r a  processed  

t o t a l  number of peaks d e t e c t e d  i n  c a l i b r a t i o n  
spec t rum be ing  processed .  

l o c a t i o n  of Ith s t a n d a r d  peak 

energy (MeV)of Ith s t a n d a r d  peak 

l o c a t i o n  c a l c u l a t e d  for Kth peak d e t e c t e d  

re la t ive  h e i g h t  of Kth peak d e t e c t e d  

count  i n  Jth channel  of c a l i b r a t i o n  spec t rum be ing  
processed  
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Subrout ine  t o  S t r i p  Components 

V a r i a b l e  l i s t i n g  f o r  program: 

M =  

N 5  

M I N  t o  MAX = 

AC = 

H ( J )  = 

T ( K )  = 

TOT(J) = 

ILY(1) 

AY(1) = 

G ( K , J )  - 
CR(J) - 

number of channels  i n  composite spectrum 

number of components i n  composi te  spectrum 

range of channels  i n  composi te  spectrum a c t u a l l y  
used f o r  s t r i p p i n g  

t o t a l  number of counts  i n  composi te  spectrum 

t o t a l  number of counts  i n  Jth component spectrum 

t o t a l  number of counts  i n  Kth i n t e r v a l  of component 
spectrum 

t o t a l  number of counts  i n  Jth s t a n d a r d  i s o t o p i c  
spectrum ( S  ) 

count  i n  Ith channel  of composi te  spectrum ( F ( i ) )  

count  i n  Ith channel  of s t a n d a r d  spectrum 

( H j  1 

j 

m a t r i x  component (g  ) 

weigh t ing  f a c t o r  of Jth component (a ) 
kj 

j 

! 



t '  

4 2  



APPENDIX B 

S p e c t r a l  L i b r a r y  Format 

The s t a n d a r d  i s o t o p i c  s p e c t r a l  l i b r a r y  c o n s i s t s  of a series o f  

nonforrnated r e c o r d s  on magnet ic  tape .  Each r e c o r d  c o n t a i n s  one i s o t o p i c  

spectrum a l o n g  w i t h  a l l  r e l a t e d  in fo rma t ion  and has  a l e n g t h  o f  1080 

words. Each of  t h e s e  r e c o r d s  o r  e n t r i e s  i s  c h a r a c t e r i z e d  by a n  e n t r y  

number which is  t h e  f i r s t  word i n  the  r e c o r d .  The end of  t h e  l i b r a r y  

i s  s i g n i f i e d  by t h e  number 999.0 s t o r e d  a f t e r  t h e  end o f  t h e  l a s t  e n t r y .  

The fo l lowing  i s  a l i s t  o f  t h e  in fo rma t ion  s t o r e d  i n  one  l i b r a r y  

e n t r y  a l o n g  w i t h  r e l a t i v e  l o c a t i o n s  w i t h i n  t h e  t a p e  r e c o r d  

1. 

2. 

3. 

4 .  

5 .  

6 .  

7. 

8. 

9 .  

10. 

11. 

12.  

13. 

En t ry  number (1) 

Name of  e lement  ( 2  - 4 )  

Mass number of i s o t o p e  (5)  

Number of s t a n d a r d  peaks (6)  

Ene rg ie s  of s t a n d a r d  peaks (7-11) 

R e l a t i v e  h e i g h t s  of s t a n d a r d  peaks (12-16) 

Energy scale (MeV/channel) ( 1 7 )  

Decay c o n s t a n t  (18)  

Mass of  sample of s t a n d a r d  e lement  (19) 

F r a c t i o n a l  abundance of i s o t o p e  (20) 

Number o f  i s o t o p e s  i n  l i b r a r y  o f  t h i s  e lement  (21) 

E n t r y  numbers of o t h e r  i s o t o p e s  of t h i s  e lement  (22 - 31) 

Irradiation t i m e  (32) 
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1 4 .  T i m e  count  s t a r t e d  (33 )  

15. Time count s topped  ( 3 4 )  

16. Reac to r  power du r ing  i r r a d i a t i o n  (35) 

1 7 .  Number of channels  i n  s t a n d a r d  spectrum (56) 

18. S tandard  spectrum (57  - 1080) 

When t h e  program tests f o r  t h e  p re sence  of an i s o t o p e ,  i t  r e a d s  

on ly  through i t e m  11 i n  t h e  cor responding  l i b r a r y  e n t r y .  I f  t h e  tes t  is 

p o s i t i v e ,  t h e  tape i s  backspaced and t h e  e n t i r e  e n t r y  r e a d  o f f .  Th i s  is  

done t o  avo id  w a s t i n g  t i m e  r e a d i n g  unnecessary  s p e c t r a  from t h e  l i b r a r y  

t a p e .  



APPENDIX C 

Summary of C a l c u l a t i o n  of Sample Composition 

Let ( t )  be t h e  count  rate due  t o  t h e  jth component i s o t o p e  i n  

t h e  sample a t  t ime,  t ,  a f t e r  t h e  end of  i r r a d i a t i o n .  S i m i l a r l y ,  d e f i n e  
j 

4 ( t )  t o  be t h e  count  ra te  due to  the j th  i s o t o p e  i n  t h e  known s t a n d a r d  

element sample (used t o  make t h e  jth s t a n d a r d  l i b r a r y  spectrum) a t  t i m e ,  
j 

t ,  af ter  end of  i r r a d i a t i o n .  Then i f  tl and t2 are t h e  t i m e s  t h e  coun t  

i s  s t a r t e d  and s topped  a f t e r  end of i r r a d i a t i o n  of sample, 

t2 

= h j ( 0 )  exp ( - A  t )  d t .  
j 

I n t e g r a t i n g ,  

and s o l v i n g  f o r  (0) y i e l d s  
j 

S i m i l a r l y ,  f o r  B j ( 0 ) ,  i f  tls and t2s, t h e  coun t  s t a r t  and s t o p  times 

a f t e r  end of i r r a d i a t i o n  of s t a n d a r d ,  

45 
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Equat ions  IC and 2c c o r r e c t  t h e  count f o r  decay of  t h e  sample between 

i r r a d i a t i o n  and coun t ing  and d u r i n g  t h e  count  i t s e l f .  

I f  t h e  sample I s  i r r a d i a t e d  f o r  a t i m e ,  T, i n  a thermal  neu t ron  

f lux  a ,  

W N a O  
[ l  - exp (-AjT)] 

j 

where 

w = mass of j th  i s o t o p e  i n  sample (grams) 

NA = Avagadro’s number (number of atoms p e r  gram-atom) 
j 

= thermal  a c t i v a t i o n  c r o s s  s e c t i o n  of j th I s o t o p e  

= mass number of j th  i s o t o p e  

aj 

A 
j 

S i m i l a r l y ,  If t h e  s t a n d a r d  sample i s  i r r a d i a t e d  f o r  a t i m e ,  Ts,  i n  a 

f l u x  @ 
8 ’  

W N n O  
s A J s  

Bj(0) = A 
j 

where t h e  s u b s c r i p t ,  s ,  i n d i c a t e s  t..e s t a n d a r d  e lement  sample .  

D iv id ing  e q u a t i o n  3c by e q u a t i o n  4c and s o l v i n g  f o r  W y i e l d s :  
j 

where from e q u a t i o n s  IC and 2c, 
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Not ice  t h a t  

where a was t h e  number r e s u l t i n g  from t h e  gamma s p e c t r o a n a l y s i s .  
j 

There fo re ,  u s ing  e q u a t i o n s  5c and 6c a long  wi th  t h e  r e s u l t s  of 

t h e  a n a l y s i s  of t h e  composite spectrum, t h e  i s o t o p i c  composi t ion of t h e  

sample may e a s i l y  be  c a l c u l a t e d .  Not ice  a l s o  t h a t  if t h e  f r a c t i o n a l  

i s o t o p i c  abundances i n  t h e  unknown sample  are normal,  t h e  procedure  

w i l l  also y i e l d  t h e  e l emen ta l  composi t ion.  
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